One of the key questions in biology is whether all the cells of a "cell type" have more or less the same phenotype, especially with relation to non-imprinted autosomal loci. This could be answered by single-cell studies in heterozygous organisms. We studied the ABO locus to assess the relative levels of expression of the co-dominant alleles I
Introduction

Alleles I
A and I B that are responsible for the production of antigens A and B [1] [2] [3] [4] respectively, of the ABO blood group are cited as classic examples of co-dominant expression of Mendelian traits 5 . Recently, natural and engineered enzymes with dual specificity (cis-AB alleles) have been reported that can modify H antigen to produce both A and B antigens. However, an individual molecule of substance H can be modified to produce either A antigen or B antigen, but not both. showed appreciable or strong positive correlation (Carl Pearson correlation coefficient r > 0.5). The effect of these two levels of variation in quantity of surface antigens is that most individuals of AB blood group in this study group were phenotypic mosaics for these proteins. These observations challenge the presumption of stoichiometric expression of these two alleles within the RBC population and may be indicative of epigenetic mechanisms that can render these two alleles functionally non-equivalent within a cell.
Materials and Methods
Ethics Statement
Blood samples were collected with informed consent of the subjects, after obtaining clearance from the ethical committee, Centre for Cellular and Molecular Biology (CCMB),
Hyderabad, India. The subjects were healthy donors from the institute. All the experimental procedures followed were as per strict guidelines and regulations issued by ethical committee, CCMB. Statistical analysis: Data were analyzed using MS Excel and R Statistical Software. Outliers in box plots were identified using default parameters of R. The Shapiro test was used to determine the probability that a given set of fluorescence values conformed to a normal distribution. For each subject, the Karl Pearson correlation coefficient was calculated using basic functions in Excel.
Immunofluorescent detection of antigens
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Results and discussion
Unequal staining for A and B antigens on RBC from AB blood group individuals
The RBC from 24 (15 males and 9 females) AB blood group individuals were fixed on slides and incubated with anti-A and anti-B antibodies followed by fluorescently tagged The samples appeared to fall into four distinct categories. In group (i), most of the RBC were stained for antigen B but differentially stained for antigen A (Fig. 2, A-F) . In group (ii), almost all RBC were stained for antigen A but only some cells showed staining for antigen B; in other words, staining for antigen B was differential, i.e., quantitatively different from cell to cell (Fig. 2 , G-L). In group (iii), RBC appeared to be stained differentially for both antigens (Fig. 2 , M-R). Finally, in group (iv), all the RBC stained equally for both antigens (Fig. 2 , S-X).
Distribution of A and B antigens on RBC from AB blood group individuals
To determine the extent of expression of the antigens on individual cells, we used densitometry to quantify the fluorescence for both dyes. These RBCs were studied with respect to the number of cells showing differences and the quantitative variation between the two antigens from single cells. The data was analyzed to check for statistically significant differences, if any. The fluorescence measurements of the A and B antigens were checked for normal distribution, using the Quantile-Quantile (Q-Q) plots, which plot the distribution of the observed values against an expected normal distribution. The Q-Q plots show that the fluorescence did not show a normal distribution for most of the samples (Fig. 3 ).
These data were also plotted as a box plot to show the distribution of fluorescence for antigen A (red bars) and antigen B (green bars) (Fig. 4) Another interesting observation was that most samples showed no correlation between the amounts of antigens A and B on individual cells. As noted in Figure 4 , only 2 samples (subjects # 4 and 19) showed a value above 0.9 for Karl Pearson correlation coefficient (r), and 3 other samples (subjects # 8, 6, and 26) had r>0.6.
Range and ratio of expression of A and B antigens on RBC from AB blood group individuals
Considering that these two antigens are expressed from alleles on homologous chromosomes, this lack of correlation shows that the expression of these antigens is not under stringent control. The extent of wide variation in the relative amount of antigens A and B on individual RBC is evident from a box plot of the ratio of fluorescence from antigen A to that from antigen B (Fig. 5 ). If these two alleles were expressed at comparable amounts on all cells, we would expect to see a narrow range of ratios (the ratio would be 1 if the fluorescence due to the two dyes -Cy3 and FITC -had molar equivalence). Yet we see the ratios spanning 5 orders of magnitude, from 1/100 to over 1000. This is consistent with essentially independent levels of expression of these antigens and/or rates of loss during the lifetime of the RBC.
Our observations are consistent with a previous report by Balea and colleagues 9 
Is the ABO locus imprinted?
To probe if the non-normal distribution of antigens from the I A and/or I B alleles in certain individuals was potentially due to epigenetic mechanisms dependent on the parent of origin, we attempted to correlate the alleles to paternal or maternal allele origin. The blood group of the parents of some of the subjects in this test group was known. Comparison of the blood group of the parents with the test individuals showed that there was no relationship between the allele showing differential expression and the parent of origin ( The alleles of the ABO blood group genes localizing to chromosome 9 in humans are classic examples of co-dominant gene expression 10 . Earlier studies in the lab reported a difference in the occurrence of sister chromatid exchanges on the chromosomes of Muntiacus muntjak 11 . More recent studies show that indeed there are a number of genes, which show allelic variation in gene expression within an individual, elucidating the fact that this could be a more common phenomenon than envisaged 12, 13 . Allele-specific differences in gene expression have been reported and currently this concept is more widely accepted 14, 15 .
Epigenetic factors such as single nucleotide polymorphisms in regulatory elements, parent of origin imprinting, differential methylation etc. is believed to effect such differences in gene expression 16 . Variation in transcription has been observed within cells of a population. Yet the variability at the cytoplasmic level is tightly regulated by the nucleus 17 . In the RBC of the AB blood group, we observe a variation in the protein. The long term follow up of few subjects over a span of 6-7 months shows that the expression pattern of these antigens appears to be fixed for a given individual (data not shown).
The mechanisms responsible for this heterogeneity are not clear. Different mechanisms are known to result in mosaicism in a tissue: position effect variegation due to variable heterochromatin formation, epigenetic modifications such as methylation, hypermutation, cellular volume and number of mitochondria within a cell 17 . Since the RBC lack DNA, it is not possible to determine if the sporadic or non-coordinated transcription of the alleles is due to any of these mechanisms or a novel pathway. A and B antigens are expressed on all cells 18, 19 ; it is possible that characterization of clones from single cells taken from some other somatic tissues may reveal modifications in the genotype that can be correlated to the phenotype, but such analyses will be technologically challenging. 
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